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In vertebrate animals, ketone bodies, synthesized pri¬ 
marily from stored lipid, are important metabolic sub¬ 
strates (I). During starvation, ketone bodies, acetoacetate 
(Acac) and P-hydroxy bitty rate {BHB), are oxidized by 
some extrahepatic tissues at high rates, and thus perform 
the important function of sparing limited glycogen stores 
(I, 2). The enzyme P-hydroxybutyrate dehydrogenase 
(BHBDH), which catalyzes the iuterconversion of the ke¬ 
tone bodies, is found in all mammals and most verte¬ 
brates, but is absent in most invertebrates (1, 3), including 
marine molluscs {4}. The highest measured BHBDH ac¬ 
tivities in the animal kingdom, however, are found in the 
hearts of terrestrial gastropod molluscs (5, 6). We have 
recently demonstrated that, in tissues of the terrestrial 
gastropod Cepaea nemoralis, two unicjue and previously 
unknown isoforms of BHBDH occur (5). The isoforms 
differ from the well-characterized mitochondrial mem¬ 
brane-bound D-BHBDH found in all other animals (7) 
in that they are cytosolic, and one isoform is specific for 
the L-enantiomer of BHB, Here we identify patterns in 
the evolution of these enzyme isoforms in the Gastropoda. 
BHBDH activities, stereospecificity and subcellular coni- 
partmentaliz.ation were measured in gastropod species 
representing four major groups with freshwater and ter¬ 
restrial representation: Neritomorpha (primitive gilled 
gastropods), Architaenioglossa (more advanced gilled 
gastropods), Basonimatophora (freshwater pulmonates), 
and Stylommatophora (terrestrial pulmonates). Mapping 
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of these data onto a phylogeny of the Gastropoda (S) 
indicates that cytosolic D- and L-BHBDH have arisen a 
single time, in an ancestral sts'lommatophoran. All gastro¬ 
pods of the order Stylommatophora possess this unicjue 
organiz.ation of ketone body metabolism, which has not 
been found elsewhere in the animal kingdom. 

Activities and subcellular distributions of D- and L- 
BHBDH were measured in hepatopancreas and, in some 
cases, heart and kidney of gastropods by fractionating 
tissues into mitochondrial and cytosolic fractions, and 
assaying enzyme activities in each fraction (Table I). Re¬ 
covery of mitochondria in the "mitochondrial fraction" 
was 79% or greater for hepatopancreas from all species, 
based on the distribution of activity of cytochrome C 
oxidase (CCO), an exclusively mitochondrial, membrane- 
bound enzyme (Table 1). A large proportion of these mito¬ 
chondria maintained structural integrity, as indicated by 
the low leakage (less than 23% in all cases) of the matrix 
enzyme citrate synthase (CS). The subcellular distribu¬ 
tions of d-BHBDH approximated those of CCO and CS 
in the hepatopancreas of all Neritopsina, Architaenio¬ 
glossa, and Basommatophora, with less than 28% of total 
activity occurring in the cytosolic fraction. In these spe¬ 
cies, i.-BHBDH activity was either not detected or was 
less than 6% of d-BHBDH activity. The low l-BHBDH 
activities detected in Helisonm and Physa were likely the 
result of contaminating d-BHB, present as an impurity, 
in the commercial l-BHB preparation (the l-BHB prepa¬ 
ration contained up to 0.4% d-BHB). Alternatively, it is 
possible that these low activities were due to trace levels 
of l-BHBDH, indicating a transitional state in which both 
mitochondrial and cytosolic isoforms are present. 

The contamination of the mitochondrial fraction of the 
stylommatophoran Bradybaena hepatopancreas with cy¬ 
tosolic lactate dehydrogenase (LDH) was low (7%). The 
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Table 1 

Ac tivities of P-hydroxy'butyrate dehydrogenase (BUBDH) and marker enzymes in mitocitondrial and cytosolic' compartments 
of gastropod hepatopancreas* 


Enzyme activity (/jmol/min/g wet tissue weight):]: 


Genus 

Fraciiont 

CCO 

CS 

dl-BHBDH 

d-BHBDH 

1 -BHBDH 

LDH 

Stylommatophora 








Archachatina 








hepatopancreas 

tissue 

n.m. 

n.m. 

n.m. 

0.13 ± 0.06 

0.77 ± 0.09 

n.m. 

heart 

tissue 

n.m. 

n.m. 

n.m. 

35.74 ± 8.60 

n.d. 

n.m. 

kidney 

tissue 

n.m. 

n.m. 

n.m. 

0.54 ±0.10 

0.58 ± 0.08 

n.m. 

Brady baena 

mi to 

1.25 ± 0.10 

0.83 ±0.11 

0.14 ± 0.08 

0.21 ±0.12 

0.14 ± 0.08 

0.33 ± 0.1 


cyto.sol 

0.16 ± 0.06 

0.22 ± 0.06 

0.85 ± 0.06 

0.23 ± 0.08 

0.98 ±0.14 

4.35 ± 0.8 

Arion 

mito 

1.10 ± 0.11 

1.90 ± 0,10 

n.d. 

n.d. 

n.d. 

n.m. 


cytosol 

0.03 ± 0.01 

0.21 ± 0.04 

2.44 ± 0.09 

0.07 + 0.04 

2.60 ±0.11 

n.m. 

Basommatophora 








Physa 

mito 

0.87 i 0.08 

4.71 ± 0.50 

1.02 ± 0.28 

3.07 ± 0.73 

n.d. 

n.m. 


cytosol 

0.17 ± 0.08 

1.37 7^ 0.34 

0.53 ±0.18 

0.99 ± 0.19 

0.22 ± 0.04 

n.m. 

Helisoma 

mito 

4.85 ± 0.65 

3.58 ± 0.29 

0.52 ± 0.15 

1.94 ± 0.44 

n.d. 

n.m. 


cytosol 

0.04 ± 0.04 

0.39 ± 0.08 

0.12 ± 0.05 

0.13 ± 0.04 

0.09 ± 0.01 

n.m. 

Staguicola 








hepatopancreas 

mito 

2.81 ± 0.21 

1.40 ± 0.20 

2.97 ± 0.14 

7.00 ± 0.67 

n.d. 

0.38 ± 0.2 


cytosol 

0.76 ± 0.08 

0.18 ± 0.06 

0.67 ±0.10 

1.01 ± 0.19 

n.d. 

1.25 ± 0.2 

heart 

mito 

9.48 ± 0.85 

5.72 ± 3.66 

n.m. 

13.20 ± 1.96 

n.d. 

6.00 ± 3.3 


cytosol 

5.01 ± 2.96 

1.95 ± 0.55 

n.m. 

11.61 - 1.85 

n.d. 

34.57 ± 1.7 

Neritopsina 








Helicina 

mito 

6.54 ± 1.24 

1.49 ± 0.11 

0.45 ± 0.09 

0.53 ± 0.32 

n.d. 

0.17 ± 0.1 


cytosol 

0.31 ± 0.11 

0.37 ± 0.25 

0.25 ±0.18 

0.21 ± 0.10 

n.d. 

1.72 ± 0.8 

Architaenioglossa 








Campeloma 

mito 

2.12 ± 0.12 

1.82 ± 0.11 

0.46 ± 0.27 

0.65 ± 0.04 

n.d. 

n.d. 


cytosol 

0.01 ± 0.01 

0.06 ± 0.02 

0.07 ± 0.02 

0.15 ± 0.06 

n.d. 

n.d. 

Pomacea 








hepatopancreas 

mito 

1.82 ± 0.62 

0.89 ± 0.45 

1.68 ± 0.63 

1.53 ± 0.70 

n.d. 

0.44 ± 0.2 


cytosol 

0.03 ± 0.01 

0.25 ± 0,06 

0.19 ± 0.11 

0.33 ±0.13 

n.d. 

0.48 ± 0.01 

heart 

mito 

3.25 ± 1.35 

17.05 ± 1.87 

n.m. 

0.55 ±0.18 

n.d. 

0.32 ± 0.1 


cytosol 

0.81 ± 0.37 

14.18 ± 2.73 

n.m. 

0.09 ± 0.05 

n.d. 

7.73 ± 2.3 

kidney 

mito 

2.97 ± 1.83 

4.09 ± 0.56 

n.m. 

0.47 ± 0.09 

n.d. 

0.44 ± 0.3 


cytosol 

0.15 ± 0.10 

0.31 ± 0.05 

n.m. 

0.14 ± 0.10 

n.d. 

0.92 ± 0.4 


* Most gastropods were collected from fields and ponds near the University of Guelph, in Guelph, Ontario, Canada, or purchased {Pomacea, 
Campeloma) from local aquarium stores. The terrestrial prosobranchs, Helicina orbiculata, were collected near Jacksonville, Florida. The giant 
African snails, Archachatina ventricosa, were from our laboratory population established with animals provided by the Toronto Metro Zoo. All 
snails and slugs were kept in terraria or aquaria at room temperature (22° ± 2°C) and fed lettuce. We observed no effect of duration ot time spent 
under these conditions on BHBDH compartmentation or enantiomeric specificity. Ta.xonomic classification of gastropods was as in Ponder and 
Lindberg (10) (Table 11). 

A. ventricosa tissues were not fractionated. They were prepared as in Stuart and Ballantyne. (4) For enzyme measurements in all other gastropods, 
e.xcised tissues were placed in approximately 20 volumes of sucrose butler (100 mM sucrose, 20 niA/ N-[2-hydroxyethyl]piperazine-N'-[2-ethanesul' 
fonic acid] (HEPES), pH 7.5). Cells were disrupted by five passes of a Potter-Elvejhem homogenizer operated at low speed (<100 rpm). This 
homogenate was centrifuged at lO.OOOx g for 10 min to separate it into mitochondrial (pellet) and cytosolic (supernatant) fractions. The mitochondrial 
pellet was resuspended in a volume of buffer equal to the original buffer addition, thus maintaining equal the dilution of both fractions. Both 
fractions were sonicated with three 5-s bursts of a Vibra-Cell sonicator (Sonics & Materials Inc., Danbury, CT) set to 80% output, 50 watts. These 
preparations were used directly in the measurement of enzymes. 

We used CCO to mark the mitochondrial membrane, CS to mark the leakage of matrix enzymes from mitochondria damaged in the fractionation 
process, and LDH to evaluate the contamination of the mitochondrial fraction with cytosolic enzymes. CCO, CS, and LDH were measured as in 
Stuart and Ballantyne. (4) The assays for d-, l- and dl-BHBDH contained 2 mA/ NAD and either 200 mM n- or i.-BHB or 400 mM dl-BHB, 
respectively (BHB omitted for control) in 50 n\M imidazole, pH 8.0. All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO). 

+ “tissue" = whole tissue homogenate: “rnito" = mitochondrial fraction: "cytosol" = cytosolic fraction. 

$ CCO = cytochrome C oxidase: CS = citrate synthase: LDH ^ lactate dehydrogenase, dl-, d- and l-BHBDH = activity measured with racemic 
mixture of DL-/?-hydroxybutyraie, high-purity D-/0-hydroxybutyrate, and high-purity L-/0-hydroxybutyrate, respectively, n.d. = not detected: n.m. ^ 
not measured. Values are means ± standard error: = 5. 
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low l-BHBDH activity observed in the mitochondrial 
fraction thus can be attributed to cytosolic contamination. 
Low d-BHBDH activities in Brculyhaena, Ariofi, and 
Arcluicluitiiia hepatopancreas were likely due to contami¬ 
nating l-BHB in the commercial u-BHB preparation 
(l-BHB contamination was up to 2^). As we used a 
[d-BHB ] of 20 mA/ in the assays, as much as 0.4 mM 
l-BHB could have been present. 

Heart and kidney were fractionated in the same way 
as the hepatopancreas. Fractionation of heait tissue re¬ 
sulted in a lower recovery of mitochondria and greater 
leakage into the cytosol of mitochondrial matrix enzymes 
(Table I), perhaps because of the small size of these tis¬ 
sues (Stagnicola hearts averaged 0.8 mg; Ponuicea hearts 
averaged 10 mg). Nonetheless, the distribution of 
BHBDH activity approximated those of CCO and CS in 
these tissues, indicating that BHBDH activity is localized 
to the mitochondria in basommatophoran heart and archi- 
taenioglossan heart and kidney. In all of these tissues, 
BHBDH was specific for d-BHB, with no oxidation of 
l-BHB observed. 

The pattern of d- and L-BF4BDH distribution in Arciia- 
cliatina (Table I) parallels that seen in Cepaea. In C. 
nenioralis tissues, no mitochondrial form of BHBDH was 
found (5). Instead, a cytosolic l- BHBDH was present in 
hepatopancreas and kidney, and a cytosolic d-BHBDH 
was found in heart and kidney. Similarly, d-BHB was 
oxidized by Archachatina heart and kidney homogenates 
and l-BHB was oxidized by kidney and hepatopancreas. 
This configuration of BHBDH organization appears to be 
characteristic of the Stylommatophora. 

We investigated the evolution of cytosolic BHBDH 
isoforms by mapping the occurrence of the mitochondrial 
d-BHBDH and cytosolic l-BHBDH of gastropod hepato¬ 
pancreas onto a gastropod phylogeny (8) using the Mac- 
Clade (9) software program (Fig. 1). Mollusc phylogenies 
based upon moiphological (10) and molecular (8, 11-13) 
data support the monophyly of Gastropoda, within which 
pulmonates are monophyletic. Within Pulmonata, the Sty¬ 
lommatophora and Basommatophora are each also mono¬ 
phyletic. 

For this analysis, we have considered the presence of 
mitochondrial d-BHBDH to be the ancestral condition. 
Though BHBDH activity is undetectable in marine gas¬ 
tropods, it is found in all freshwater and terrestrial gastro¬ 
pods that we have studied. Tims, the enzyme appears to 
have first arisen in a gastropod ancestral to these groups. 
Our phylogenetic analysis suggests that the cytosolic l- 
BHBDH isoform evolved a single time in an ancestral 
slylommatophoran. Gastropods of this order are almost 
exclusively tenestrial and compose the vast majority of 
terrestrial snails and slugs (14). To test whether the pres¬ 
ence of l-BHBDH correlates with tcrrestriality, wc in¬ 
cluded the distantly related terrestrial gilled gastropod 



Fif»urc 1. Phylogenetic relationships among freshwater and terres¬ 
trial gastropod taxa used in this study. Unfilled lines represent the pres¬ 
ence of mitochondrial D-/?-hydro.\ybutyrate dehydrogenase (and absence 
of I -/3-hydro\ybutyrate dehydrogenase). Filled lines denote the pre.sence 
of cMosolic L-/?-hydro\ybutyrate dehydrogenase (and absence of n-/?- 
hydrovybutyrate dehydrogenase). Hatched line = equivocal occurrence 
of L-/5'hydroxybutyraie dehydrogenase, denoting that the enzyme arose 
at an undetermined point along this lineage. Cepaea nenioralis data are 
from Stuart and F^allaniyne (5). Bioniphalaria glabrata data are from 
Meyer et ai (15). 


Helicifia (Neritomorpha) in our analysis. The absence of 
l-BHBDH in Helicina, however, suggests that the occur¬ 
rence of this isoform conelates exclusively with phyloge¬ 
netic position. 

A general upregulation of BHBDH activities appears 
to have occurred in tissues of pulmonate gastropods. In 
piilmonate hearts, exceptionally high activities of d- 
BHBDH (approximately two orders of magnitude greater 
than in Pomacea heart) (Table I) suggest that d-BHB is 
particularly important as a metabolic substrate in these 
tissues. High activities of all enzymes of ketone body 
metabolism in Siagnicola elodes, C. iieiiiorcdis, and /\. 
veniricosa indicate a substantial llux through this pathway 
in all pulmonates. d-BHB levels in hemolymph arc as 
high as those of glucose in the basommatophoran pulmo¬ 
nate Bioniphalaria glabrata (15). These snails, and tissues 
isolated from them, actively oxidize ketone bodies. BHB 
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Table It 

Higher cUissification (10) of gastropod species used for 
nieasuremeiits of BHBDH activit}' 


Gastropoda 

Orthogastropoda 

Neriiiniorpha 

Helicinoidea 

Helicina orhicidaia (lerreslrial) 
Apogaslropoda 
Architacnioglossa 
Viviparoidea 

Campeloma decisum (freshwater) 
Pomacea hridgesi (freshwater) 
Heterobranchia 
Euthyneura 
Pulmonata 

B asommatophora 

Physa gyrina (freshwater) 

Helisoma trivolvis (freshwater) 
Stagiucola elodes (freshwater) 
Stylommatophora 

Archachatina ventricosa (terrestrial) 
Bradybaena similaris (terrestrial) 
Ariou subfiiscus (tenestrial) 


appears, therefore, to be an important metabolic substrate 
in pulmonale snails. Unlike mammals, these snails show 
a (decrease in d-BHB levels in the hemolymph (Juring 
starvation, suggesting that pulmonates may routinely use 
ketone botJies as energy substrates, whereas mammals 
coniine their use to times of starvation. This (difference 
may be relate(d to a decrease(d emphasis on amino aci(d 
metabolism and a low capacity for extrahepatic oxidation 
of fatty acids in pulmonates. The metabolic organization 
of tissues in these organisms suggests that they use ketone 
bodies which, unlike fatty acids, are freely soluble, as a 
means of transporting lipid carbon from central stores to 
peripheral tissues for oxidation. 

In slylommatophoran pulmonates, upregulation of 
BHBDH activity has been followed by the elaboration of 
new isoforms of the enzyme. This may have occuned 
through an initial loss of the transmembrane amino acid 
sequence from the membrane-bound mitochondrial 
BHBDH, to allow the enzyme to function in the cytosol. 
In slylommatophoran hepatopancreas and kidney, this en¬ 
zyme may have been further modified to act upon l- 
BHB rather than d-BHB. However, this scenario for the 
occunence of cytosolic BHBDH isoforms assumes diver¬ 
gence from the ancestral mitochondrial d-BHBDH. Alter¬ 
natively, the cytosolic enzymes could derive from other 
proteins, unrelated to the mitochondrial d-BHB DH. and 
have achieved functional similarity through evolutionary 
convergence. This convergence appears to have occuiTed 
in the evolution of n- and l-LDHs in bacteria (16). On 
the other hand, divergence of cytosolic l-BHBDH from 


cytosolic d-BHB DH is suggested by the difficulty of sepa¬ 
rating these isoforms when they are eleclrophoresed to¬ 
gether on a gel that separates proteins on the bases of 
size and charge (5). Analyses of primary structures are 
necessary to determine the relatedness of the three 
BHBDH isoforms. 

The use of both enantiomers of a single metabolie sub¬ 
strate in routine energy metabolism is unusual in the ani¬ 
mal kingdom, though other examples of this phenomenon 
exist among molluscs. Both d- and L-alanine are found 
in tissues of some marine bivalves. The oceunence of D- 
alanine appears to be related to a role in osmoregulation 
(17). Both D- and L-speeitic isoforms of LDH also occur 
within individual cephalopods (18), although the physio¬ 
logical significance of these has not been established. The 
advantages of the slylommatophoran cytosolic BHBDH 
isoforms are also not immediately obvious. The existence 
of both D- and l-BHBDH may allow the metabolic parti¬ 
tioning of BHB between specific tissues. Enzyme activi¬ 
ties indicate that ketone bodies could be synthesized in 
the kidney from fatty acids under normal conditions. Both 
D- and l-BHBDH are present in slylommatophoran kid¬ 
neys, which are thus able to produce both forms of BHB. 
Each of these enantiomers of BHB may be specifically 
targeted to a tissue, with d-BHB being oxidized by heart 
and l-BHB by hepatopancreas. This adaptation could be 
related to the apparently greater role for ketone bodies in 
the intermediary metabolism of pulmonale gastropods — 
/.c., a refining of a much-used pathway. 

The phylogenetic pattern of hepatopancreas BHBDH 
stereospeeificity and subcellular distribution in gastropods 
suggests that l-BHBDH, and perhaps also d-BHBDH. 
could be valuable characters for assessing phylogenetic 
relationships within the Gastropoda. Both enzymes can 
be rapidly and inexpensively assayed. The presence of 
hepatopancreas l-BHBDH may be a useful defining char¬ 
acteristic of the Stylommatophora. As such, it will be 
especially interesting to identify which isoforms of 
BHBDH are present in tissues of the Archiopulmonata. 
a group of much-debated phylogenetic position. Cer¬ 
tainly, the presence of l-BHBDH in slylommatophoran 
gastropods should be noted by population geneticists, as 
staining of electrophoretic gels of gastropod tissues with 
racemic dl-BHB mixtures will give results that are a 
function, in part, of the phylogenetic position and tissue 
of the snail examined. 

Acknowledgments 

We thank John Colbourne for help with phylogenetic 
analyses. Also, thanks to Drs. Fred G. Thompson and 
Harry G. Lee, and Tom Mason, Invertebrate Curator at 
the Toronto Metro Zoo, for their assistance with finding 
and identifying gastropod species. 




16 


J. A. STUART ET AL 


Literature Cited 

1. Newsholnie, E. A., and A. K. Leech. 1983. Biochemistry for the 
Medical Sciences. John Wiley, New York. 

2. Robinson, A. M., and D. U. Williamson. 1980. Physiological 
roles of ketone bodies as substrates and signals in mammalian tis¬ 
sues. Physiol. Her. 60: 143-187. 

3. Bcis, A., V. A. Zainniit, and E. A. Newsholiiie. 1980. Activities 
of 3-hydro.\ybutyrate dehydrogenase, 3-o.xoacid CoA-transterase 
and aeetoacetyl-CoA thiolase in relation to ketone-body utilisation 
in muscles from vertebrates and invertebrates. Ear. J. Biochem. 
104: 209-215. 

4. Stuart, ,|. A., and J. S. Hallantyne. 1996. CoiTelation of environ¬ 
ment and phylogeny with the expression of /0-hydroxybutyratc de¬ 
hydrogenase in the mollusea. Comp. Biochem. Physiol. 114H: 153- 
160. 

5. Stuart, J. A., and J. S. Ballantyne. 1997. Tissue specific forms 
of y^'hydroxybutyrate dehydrogenase oxidize the D- or L-anantiom- 
ers of /?-hydroxyhuiyrate in the terrestrial gastropod Cepaea nemo- 
ralis. J. Exp. Zool. 278: 115-118. 

6. Stuart, J. A., and J. S. Hallantyne. 1997. Importance of ketone 
bodies in the intermediary’ metabolism of the tenestrial snail Arcluh 
chatina ventricosa: evidence from enzyme activities. Comp. Bio¬ 
chem. Physiol. 117H: 197-201. 

7. Ivchninger, A. L., H. C. Sudduth, and J. H. isc. I960. D-beta- 
hydroxybiilyric dehydrogenase of mitochondria. J. Biol. Chem. 235: 
2450-2455. 

8. Harasevvveh, M. C., S. L. Adamkevvicz, .1. A. Blake, 1). Saudek, 
T. Spriggs, and C. .1. Bult. 1997. Phylogeny and relationships of 
pleurotomariid gastropods (Mollu.sca: Gastropoda): an assessment 
based on partial 18S rDNA and cytochrome c oxidase 1 sequences. 
Mol. Mar. Biol. Biotech. 6: 1-20. 


9. Maddison, W. P., and 1). R. Maddison. 1992. MacChule: Analy¬ 
sis of Phxlo^eny and Character Evolntion Version 3.0. Sinauer, 
Sunderland, MA. 

10. Ponder, W. F., and I). R. Lindl)erg. 1997. Towards a phylogeny 
of gastropod rnollu.scs—an analysis using morphological charac¬ 
ters. Zoo/. J. Linn. Soc. 6: 83-265. 

11. innepenninekx, B., T. Backeljau, and R. De ^^ achter. 1994. 
Small riho.somal subunit RNA and the phylogeny of Mollusea. The 
Nautilus Supplement 2: 98-110. 

12. Tillier, S., M. Masselot, J. (Juerdoux, and A. Tillicr. 1994. 

Monophyly of major gastropod taxa tested from partial 28S rRNA 
sequences, with emphasis on euthyneura and hot-vent limpets Pel- 
tospiroidea. The Nautilus Supplement 2: 122-140. 

13 Rosenberg, (L, G. S. Kuncio, G. M. Davis, and M. (i. llara.sevv- 
yeh. 1994. FTeliminary ribosomal RNA phylogeny ot gastropod 
and unionoidean bivalve mollusks. The Nautilus Supplement 2: 
111 - 121 . 

14. Soleni, A. 1985. Origin and diversification of pulmonate land 
snails. Pp. 269-293 in The Mollusea, Vol. 10—Evolntion. E. R. 
Trueman and M. R. Clarke, eds. Academic Press, Toronto. 

15. xMeyer, R., \\, Becker, and M. Klinikewitz. 1986. Investigations 
on the ketone body metabolism in Biomphahnia giahrata: intluence 

starvation and of infection with Schistosoma mansoni. J. Comp. 
Physiol. B. 156: 563-571. 

16. Kaplan, N. ()., and M. M. Ciolti. 1961. Evolution and differenti¬ 
ation of dehydrogena.ses. Ann. N.Y. Acad. Sci. 94: 701-722. 

17. Matsushima, O., and V. S. Hayasbi. 1992. Metabolism of d- 
and i -alanine and regulation of intracellular free amino acid levels 
during salinity stress in a brackish-water bivalve Corbicula japon- 
ica. Comp. Biochem. Physiol. 1I12A: 465-471. 

18. Mulcaliy, P., A. Ciillina, and P. O'Carra. 1997. Both D- and l- 
specific lactate dehydrogenases co-exist in individual cephalopods. 
Comp. Biochem. Physiol. I16A: 143-148. 


